It is well known that fruit nuts contain wide variety of flavonoids and various proteins, consumption of which has been associated with the reduced risk of chronic diseases. Cystatins, a family of cysteine proteinase inhibitors, ubiquitously present in all cells serve various important and critical physiological functions. In this study a phytocystatin with molecular mass of 63.4 kDa was purified to homogeneity by a three-step process including ammonium sulfate fractionation (50-70%), acetone precipitation, and gel filtration chromatography on Sephacryl S100-HR column. The purified inhibitor migrated as single band under native and SDS-PAGE. The Ki values for purified inhibitor with papain, ficin, and bromelain were found to be 45.45, 83.33, and 90.9 nM, respectively, suggesting higher affinity of the inhibitor for papain as compared to ficin and bromelain. Phytocystatin was stable in broad pH and temperature range. Purified cystatin appeared to be antigenic as observed in western blot analysis. ITC assay data show a binding stoichiometry of 0.870 ± 0.03 sites for cystatin and papain interaction which indicated that cystatin is surrounded by nearly one papain molecule. FTIR, UV, and fluorescence studies showed significant conformational changes on cystatin-papain complex formation. Purified cystatin was found to possess 36.8% α-helical content as observed by CD spectroscopy.
PUBLIC INTEREST STATEMENT
Plant cystatins or phytocystatins are the second most studied class of protease inhibitors. They are cysteine (thiol) protease inhibitors that interact with the active site of target proteases and block access to their protein substrates. Since the publication of a first full paper reporting their existence, phytocystatins have shown wide application in pharmaceutical, agricultural, and industrial field. These plant derived inhibitors are also gaining wide consideration in drug designing and engineering GM crops. Owing to the great significance and importance of these inhibitors, it is essential to explore and isolate them from various plant sources. In the present study, a phytocystatin has been isolated and purified from almond which is a source of high-quality protein with great nutritive value. Almond cystatin was purified to homogeneity by a three-step process including ammonium sulfate precipitation and gel filtration chromatography. Purified inhibitor was further characterized using various biophysical and biochemical techniques.
Introduction
Proper functioning of the living system requires an appropriate equilibrium between free cysteine proteases and their complexes with inhibitors. Proteases are omnipresent in all micro and macroorganism and involved in health and welfare by performing an essential role in survival and maintenance of the organism (Dunaevsky, Elpidina, Vinokurov, & Belozersky, 2005; Haq, Atif, & Khan, 2004; Hartl, Giri, Kaur, & Baldwin, 2011; Joanitti, Freitas, & Silva, 2006; Lawrence & Koundal, 2002; Mosolov & Valueva, 2008; Neurath, 1989; Supuran, Scozzafava, & Clare, 2002; Valueva & Mosolov, 2004) . In spite of many advantages of these proteases, their activity has to be closely regulated and controlled to avoid the excess activity of these proteases, as it may possibly damage its host organism. This controlling task is carried out by PIs (protease inhibitors) (Rawlings, Tolle, & Barrett, 2004) . Cystatins (PIs) are the natural regulators of cysteine protease activities. Phytocystatins are plant proteinaceous inhibitors and have been identified in both monocot and dicot species (Lin et al., 2006) . These small proteins specifically inhibit the action of cysteine proteases in general and of the papain class in particular. The cystatin superfamily comprises three classes of inhibitors namely stefins, cystatins, and kininogens (Abe, Kondo, Watanabe, Emori, & Arai, 1991) , exclusively based on the studies on cystatins of animal origin. In plants they are named as phytocystatin and are particularly well characterized in some crops such as potato (Nissen et al., 2009 ), taro (Yang & Yeh, 2005) , sesame (Shyu, Chou, Yiu, Lin, & Tzen, 2004) , strawberry (Martinez et al., 2005) turmeric (Chan, Abu Bakar, Mahmood, Ho, & Shaharuddin, 2014) , kiwifruit cortex and seed (Rassam & Laing, 2004) , and Chinese cabbage (Hong et al., 2012) . However, in potato tuber cysteine proteinase inhibitors, prominent structural differences have been found, which include an 80 kDa cystatin with eight cystatin domains (Gruden et al., 1997; Waldron, Wegrich, Ann Owens Merlo, & Walsh, 1993) .
Although the primary sequences of phytocystatins are more similar to the type II cystatins of animals, they are assigned to an independent family (Margis, Reis, & Villeret, 1998) . On the basis of molecular weight, they have been divided into three distinct groups (Chu, Liu, Wu, Yeh, & Cheng, 2011; Margis-Pinheiro, Zolet, Loss, Pasquali, & Margis, 2008; Wang et al., 2008) . Most phytocystatins are 12-16 kDa in size, contain no disulfide bonds, and show significant amino acid sequence identity among them and to the cystatins family of animal origin (Barrett, 1987) . The group two phytocystatins are approximately or greater than 23 kDa, such as those found in taro (Yang & Yeh, 2005) , sesame (Shyu et al., 2004) , and strawberry (Martinez et al., 2005) . They have a highly conserved N-terminal region, which is similar to first group and are tailed by a repetitive peptide at the C-terminus, in which variation is possibly caused by gene duplication (Christeller, 2005) . The third group of phytocystatins, is found in potato (Waldron et al., 1993) and tomato (Wu & Haard, 2000) , and includes high molecular weight multi-cystatin domains.
Almonds are one of the most popular tree nuts on a worldwide basis and rank number one in tree nut production. Almonds are a good source of high-quality protein and contain 16-22% protein on a dry weight basis (Sathe et al., 2002) . It has been reported that almonds, when incorporated in the diet, reduce colon cancer risk in rats (Davis & Iwahashi, 2001) . It also increases HDL cholesterol and reduces LDL cholesterol levels in humans (Hyson, Schneeman, & Davis, 2002) . Almonds also have interesting biological properties such as sedative, anti-inflammatory, anti-hyperlipidemic, anti-tumoral, and antioxidant activities (Esfahlan, Jamei, & Esfahlan, 2010) .
Considerable amount of work has been done on seed cystatins of herbaceous crops (e.g. cereals and legumes), while little is known about cystatins from other plant sources, especially as those of large-seeded trees. These plants are particularly found in tropical forest and their seeds have relatively high water contents at the time of shedding, and these seeds remain in the soil for long time before germination. It may be expected that such seeds display defense barriers towards pests and pathogens as well as characteristic mechanisms for protein turnover regulation (Pernas, Sánchez-Monge, Gómez, & Salcedo, 1998) . Cystatins and endogenous cysteine proteases show different expression patterns during seed maturation and germination, which recommends that cystatins are involved in the regulation of protein turnover during such processes (Abe, Abe, Kuroda, & Arai, 1992; Belenghi et al., 2003; Fernandes, Campos, Do Val, & Xavier-Filho, 1991) . On the other hand, the effects of cystatins on exogenous proteases, speculate its defensive function, such as those of insect pests and nematodes, together with their inducible expression by wounding or methyl jasmonate Zhao et al., 1996) .
Plant cystatins have important roles to play in plant system owing to their cysteine proteinase inhibitory activity. Earlier numerous spectroscopic and kinetic studies have been carried out to understand the mechanism of inhibition of cysteine protease by cystatins. In the current study, a phytocystatin from almond has been purified with better yield and fold purification by slightly modifying the method reported earlier (Siddiqui, Sohail, Bhat, Rehman, & Bano, 2015) . Detailed physiochemical characterization was further carried out using various biophysical techniques. Isothermal titration calorimetry along with kinetic studies and other spectroscopic techniques further helped to explain its interaction with papain.
Materials and methods

Materials
Papain, Sephacryl S-100HR, cysteine, casein, coommassie brilliant blue G-250, were purchased from Sigma Chemical Co, USA. Molecular weight markers were obtained from Genei, India. All other chemicals used were of analytical grade.
Purification of almond cystatin
Phytocystatin from almond was purified using a slightly modified method of Wu and Haard (2000) . Overnight soaked almonds (100 gm) in 300 mL of extraction buffer (50 mM sodium phosphate buffer pH 7.5, 3 mM EDTA, and 0.15 M sodium chloride) were homogenized and centrifuged at 8000 rpm for 15 min in a sigma cooling centrifuge. Pellets were discarded. The supernatant was collected and fractionated by 50-70% ammonium sulfate saturation. The precipitate was collected by centrifugation at 10,000 rpm for 30 min at 4°C and dissolved in minimum amount of 50 mM sodium phosphate buffer pH 7.5. The precipitated protein was then extensively dialyzed against sodium phosphate buffer (pH 7.5) at 4°C to remove ammonium sulfate. Dialyzed sample was treated with chilled acetone in the ratio of 1:1 and centrifuged at 8,000 rpm for 20 min. The supernatant was collected and applied on Sephacryl S-100HR gel-filtration column. Fractions of 5 mL were collected. Fractions having maximum protein peak and cysteine proteinase inhibitory activity were pooled and concentrated for further study. The purification of almond cystatin was repeated several times to obtain the fresh inhibitor for each experiment.
Papain inhibitory activity assay and protein estimation
The inhibitory activity of cystatin was assessed by its ability to inhibit the caesinolytic activity of papain by the method of Kunitz (1947) . Assay involved pre-activation of papain in 0.2 mM cysteine and 0.15 mM EDTA at pH 7.5 in 50 mM sodium phosphate buffer. The activated papain was incubated with 0.3 mL of the purified inhibitor for 30 min at 37°C. Final reaction volume was 1 mL. The reaction was initiated by addition of 1 mL of 2% casein solution to the reaction mixture and incubated for 30 min at 37°C.The reaction was terminated by adding 1 mL of trichloroacetic acid (10%) and particulate matter was removed by centrifugation at 2,500 rpm for 10 min. The soluble peptides were analyzed by the method of Lowry, Rosebrough, Farr, and Randall (1951) . The protein content was quantitated by Folins phenol reagent by the method of Lowry et al. (1951) . A control was also prepared that was devoid of the purified phytocystatin.
Inhibitory activities of almond cystatin at different concentration (0-50 μg) were also analyzed for other cysteine proteases like ficin, bromelain, and serine proteases (trypsin, chymotrypsin).
Carbohydrate and thiol group estimation
Carbohydrate content was estimated by the method of DuBois, Gilles, Hamilton, Rebers, and Smith (1956) , while thiol group was determined by Ellman's method (1959) . Glucose and dithionitrobenzoate (DTNB) were used as standard for these methods, respectively.
Stability of almond cystatin
The thermal stability of almond cystatin (50 μg) in 50 mM phosphate buffer, pH 7.5 was investigated at different temperatures (4-90°C) for 60 min. These samples were rapidly cooled in ice cold water bath and the remaining inhibitory activity was determined against 50 μg of papain by the routine papain assay. pH stability of the almond cystatin was investigated by incubating the samples from pH 3-12 at 4°C for 4 h. Sodium acetate buffer (50 mM) was used for pH 3-6 (adjusting pH with 1 N HCl or NaOH). Sodium phosphate buffer (50 mM) was used for pH 7-8 and Tris-HCl buffer (50 mM) was used for pH 9-12. The remaining inhibitor activity of the purified cystatin was analyzed with casein as a substrate after adjusting the pH to 7.5 with 50 mM phosphate buffer.
Immunological properties
About 300 μg of purified almond cystatin was emulsified in equal volume of Freund's complete adjuvant and injected subcutaneously in healthy male albino rabbit. Two weeks later 150 μg of purified almond cystatin was injected along with Freund's incomplete adjuvant to raise antiserum. The injection was repeated every week and the rabbit was bled every second week. The collected blood was allowed to stand and coagulate at room temperature for 3 h. De-complementation of the anti-sera was performed by incubation at 56°C for 30 min. The de-complemented sera were then stored at −20°C. Immunodiffusion and cross-reactivity was performed as reported earlier . Chick pea cystatin (Bhat, Sohail, Siddiqui, & Bano, 2014) and buffalo heart cystatin used were also isolated and purified in our laboratory.
Direct binding ELISA
Antibodies generated against specific cystatin antigen in the sera of almond cystatin immunized rabbits were measured by the technique of direct binding ELISA as reported earlier by Rashid et al. (2006) .
Western blot analysis
Increasing concentration (30-50 μg) of purified protein was run on 10% SDS-PAGE and then transferred to a nitrocellulose membrane for 2 h. The membrane was then blocked by 5% milk in PBS and incubated for 1 h. Membrane was further incubated overnight in the presence of primary antibody. After washing with PBST, membrane was incubated with goat anti-rabbit IgG at 1∶5000 dilution for 2 h (Santa Cruz, CA, USA). Blot was further developed using ECL system.
Stoichiometry of cystatin-papain complex
Stoichiometry of cystatin-papain complex was determined by titration of papain activity against various concentrations of almond cystatin (0.1-1.2 μM) with casein as a substrate in 50 mM phosphate buffer, pH 7.5 containing 20 mM EDTA, and 50 mM L-cysteine as activating agent. The inhibitory activity of cystatin was assessed by its ability to inhibit caseinolytic activity of papain by the method of Kunitz (1947) .
Inhibition constant (K i ) determination
Inhibition constant of the purified cystatin binding to papain was determined by titration of a fixed amount of papain (0.06 nM) against different almond cystatin concentrations (0.06, 0.12, 0.18, 0.24, and 0.30 nM) using various concentration of casein as substrate (0.132, 0.263, 0.526, and 0.789 nM). The remaining papain activity was assayed in 50 mM sodium phosphate buffer, pH 7.5. LineweaverBurk 1/v versus 1/[s] was plotted, the km was calculated for each concentration of inhibitor and secondary plot was obtained to determine Ki for the inhibitor.
Determination of dissociation rate constant k −1
The condition for maximal association between the papain and almond cystatin was accomplished before the reaction was made to shift towards dissociation by increasing the concentration of substrate in excess. Excess substrate will bind to the free enzyme. Substrate induced dissociation was observed with an identical enzyme-inhibitor complex incubated for 30 min at 37°C. Excess substrate 6% of the casein was added to the mixture at different time intervals (0, 5, 10, 15, 20, 25, and 30 min) , and then the residual activity was assayed.
Determination of association rate constant k +1
The association rate constant was determined by the relation (Abrahamson, Barrett, Salvesen, & Grubb, 1986 ).
Half-life of the complexes were calculated by rearranging the equation
Electrophoresis
Native PAGE
Native PAGE was run to check the homogeneity of the purified cystatin. Cystatin homogeneity was checked by native gel (10% polyacrylamide) using the method of Laemmli (1970) . Crude sample with total protein was run along with purified cystatin to check the purity of sample. Different samples (protein obtained from different fraction having maximum inhibitory activity against papain) containing 40 μg of protein mixed with equal volume of sample buffer (62.5 mM Tris HCl pH 6, 8, 10% (v/v) glycerol and 0.001% bromophenol) as tracking dye was applied to the wells. Electrophoresis was performed at 100 V in the electrophoresis buffer containing 192 mM glycine and 25 mM Tris-HCl pH 6.8 until the tracking dye reached the bottom of the gel. The gels were stained with 0.1% Coomassie Brilliant Blue R-250.
Two-dimensional electrophoresis
The purified almond cystatin was analyzed by two-dimensional gel electrophoresis essentially as reported (Fountoulakis & Gasser, 2003) . Protein sample dissolved in sample buffer was centrifuged and applied on IPG pH 3-10 (Bio Rad, USA) nonlinear strips. Focusing started at 200 V and the voltage was gradually increased to 5,000 V at 3 V/min and kept constant for a further 24 h (approximately 180,000 kVh totally). After focusing, the IPG strips were equilibrated for 15 min in reducing solution containing 30% v/v glycerol, 6 M urea, 1% dithiothreitol (DTT), followed by equilibration in alkylating buffer consisting of 30% v/v glycerol, 6 M urea, and 4% iodoacetamide. Afterward, the IPG strip was transferred onto a linear 10% SDS polyacrylamide gel and electrophoresis was performed in presence of protein molecular weight marker at a constant voltage of 100 V. Gels were stained with Coomassie brilliant blue R-250.
Molecular weight determination by SDS-PAGE
The molecular weight of purified almond cystatin under denaturing condition was determined by SDS-PAGE (reducing and non-reducing) by the procedure of Weber and Osborn (1969) . The mobilities of marker proteins determined under identical conditions were plotted against the logarithms of molecular weight. The analysis of the data indicated a linear relationship between log M and relative mobility (Rm) and the plot was used in calculating the molecular weight of purified cystatin.
Molecular weight determination by gel filtration chromatography
The molecular weight of purified almond cystatin was computed from its elution volume on a Sephacryl S 100-HR column (60 × 1.7 cm). The column was calibrated by determining the elution volume of some marker proteins-phosphorylase b (97.4 kDa), bovine serum albumin (68 kDa), ovalbumin (45 kDa), soyabean trypsin inhibitor (20.1 KDa), lysozyme (14.3 kDa) cytochrome c (12 kDa). These data were analyzed according to the theoretical treatment by the method of Andrews (1964).
(1)
The linear plot between V e /V o and log M was used for calculating the molecular weight of almond cystatin where V e is the elution volume of the protein and V o is the void volume of the column determined using blue dextran.
Spectral analysis
UV-vis absorption spectroscopy
UV-vis absorption studies were employed to obtain the spectra of cystatin (80 μg/3 ml) in the absence and presence of activated papain. Spectra were obtained using Shimadzu spectrophotometer using a cuvette of 1.0-cm path length from 250 to 310 nm. Appropriate controls of the solvent buffer were run and corrections were made wherever necessary. Results are mean of three experiments.
Fluorescence spectroscopy
The emission spectra of thiol protease inhibitor (almond cystatin) (40 μg/1.5 ml), papain and cystatin-papain complex was taken after excitation at 280 nm on a Shimadzu spectrofluorometer at 25°C. Emission wavelength range was of 300-400 nm. Cells with 1-cm path length were used and samples were continuously stirred during measurements. Corrected emission spectra were recorded with an excitation and emission band width of 10 nm. Appropriate controls were run and corrections were made wherever necessary.
Circular dichroism measurement
CD measurements were carried out on a JASCO-J-815 spectropolarimeter equipped with a Peltiertype temperature controller. Far-UV CD spectra of cystatin in the absence and presence of papain was taken at protein concentration of 20 μM in 0.1-cm path length cell. All the spectra were corrected for the appropriate blanks. The observed ellipticity is converted to mean residual ellipticity [θ] in degrees square centimeter per decimole using the following equation.
where θ obs is the observed ellipticity in mdeg, n is the total number of amino acid residues in the protein, c is the molar concentration of the protein, and l is the path length in centimeters. Helical content of cystatin was calculated from the mean residue ellipticity (MRE) values at 222 nm using the following equation as described by Chen, Yang, and Martinez (1972) .
Fourier transform infrared spectroscopy
FTIR spectroscopy is a measurement of wavelength and intensity of the absorption of IR radiation by a sample. Infrared spectroscopy was performed to see the secondary structure present in almond cystatin. The FTIR measurement was carried out on Perkin Elmer-FTIR (PerkinElmer Spectrum-100, USA) in the range of 1520-1740 cm −1 at RT. FTIR spectra of cystatin alone and cystatin with papain was recorded. Each spectrum was the average of five scans. The changes in the peak frequency and intensity were then assigned to the conformational change within the cystatin.
Isothermal titration calorimetric measurements
The almond cystatin was titrated with papain using a VP-ITC titration microcalorimeter (MicroCal Inc., Northampton, MA) to find out the energetics of the binding. Prior to the titration experiment, all samples were degassed in a thermovac. The sample cell of the calorimeter was loaded with cystatin solution (20 μM) in sodium phosphate buffer (50 mM, pH 7.5) and reference cell with 50 mM sodium phosphate buffer pH 7.5. Multiple injections of 10 μl of papain solution (2.0 mM) were administered into the sample cell that contained cystatin. Each injection was administered over 20 s, with an interval of 180 s between successive injections. The reference power and stirring speed were set at 13 μcal s −1 and 307 rpm, respectively. The binding enthalpy change (∆H), entropy change (∆S), and
30, 300 the binding stoichiometry (N) were permitted to float during the least-square minimization process and taken as the best-fit values.
Statistical analysis
Every experiment was performed at least three times in order to check the reproducibility of the results. Data have been expressed as mean ± SEM. Statistical analysis was performed with one-way ANOVA software. Data were considered significant at p ≤ 0.05.
Results and discussion
Purification of almond cystatin
Numerous inhibitors of cysteine proteases have been described and isolated from a variety of sources (Kouzuma et al., 1996; Wu & Haard, 2000) . In this study, purification of almond cystatin was achieved using a three-step procedure that included ammonium sulfate fractionation, acetone precipitation, and gel filtration chromatography (Sephacryl S-100HR). The fractions corresponding to protein peak with significant inhibitory activity were pooled and lyophilized for further analyses. This procedure is very efficient and simple and gives a percent yield and fold purification of 52.7% and 302.4, respectively, which is better than other reported procedures (Khan & Bano, 2009; Sadaf, Shahid, & Bilqees, 2005; Sumbul & Bano, 2006) (Table 1 ). The method reported here is the updated and improved form of our previously reported procedure giving high yield and fold purification. Purified cystatin was found to be homogenous in native PAGE as well as two-dimensional gel electrophoresis (Figure 1 ). It was found to be monomeric in nature showing a single band on SDS-PAGE under non-reducing and reducing conditions with a molecular mass of 63.4 kDa as reported earlier by our team . Molecular weight was calculated by plotting log M against the relative mobility of different protein markers using Weber and Osborn method (Figure 2(A) ). Molecular weight was further confirmed by passing almond cystatin and different protein markers through gel filtrations column (Figure 2(B) ). Cysteine protease inhibitors purified from various other plant sources are usually small molecular mass protein (molecular weight less than 50 kDa) but some high molecular weight dimeric and tetrameric protease inhibitors from potato (Waldron et al., 1993) and tomato (Bolter, 1993; Jacinto, Fernandes, Machado, & Siqueira-Júnior, 1998 ) have also been isolated. Some animal cystatin with high molecular weight have also been isolated, e.g. goat lung (Khan & Bano, 2009 ), skin of Atlantic salmon (Synnes, 1998) , goat brain (Sumbul & Bano, 2006) . 
Carbohydrate and thiol content of purified almond cystatin
Carbohydrate content in almond cystatin was only 0.04% with no sulfhydryl content which is in accordance with the results reported previously (Amin, Ali Khan, Jahan Rizvi, & Bano, 2011; Wu & Haard, 2000) .
Interaction of cystatin with different proteases
Inhibitory activities of almond cystatin were also analyzed for other cysteine proteases like ficin, bromelain, and serine proteases (trypsin, chymotrypsin). Purified cystatin showed inhibitory activity against cysteine proteases only (papain, ficin, bromelain). However, it was found to be inactive towards serine proteases like trypsin and chymotrypsin (Figure 3 ). The data again confirm it to be a thiol protease inhibitor.
Stoichiometry of cystatin interaction with papain
Protein inhibitory assay shows that on increasing papain and casein concentrations, inhibition occurs up to certain level, while beyond 0.6 μM of papain concentration, O.D. remains almost same. As evident from the plot with cystatin concentration on X-axis and % residual activity on Y-axis, it can be inferred that the amount of purified almond cystatin, required to inhibit 0.6 μM of papain activity completely was calculated to be 0.8 μM approximately (Figure 4(A) ). These data indicate that 1 mol of almond cystatin contains almost one binding site for papain. 
Stability of cystatin
The stability of almond cystatin was assessed by incubating the purified cystatin for 60 min at a wide range of temperatures varying between 4 and 90°C. As seen in Figure 4 (B), with increasing temperature, the inhibitory activity of cystatin gradually increases up to 35°C. On further increasing the temperature, considerable decrease in the activity was observed with minimum activity at 90°C.
Cystatin stability studies carried out at different pH systems for a period of 4 h shows that the protease inhibitor had stability over a wide range of pH. From the results (Figure 4(C) ), it is clear that the activity of the inhibitor gradually increases from pH 3 and reaches its maximum at pH 7.5 and after that gradually decreases up to pH 12. At the acidic (pH 3.0) and alkaline (pH 12.0) conditions, the inhibitory activities were sharply declined. Further at high alkaline and high acidic conditions the protease inhibitor was found to be unstable. These results of temperature and pH are comparable with other reported cystatins ).
Immunological properties
Purified cystatin as an antigen causes good immune response and resulting serum gives a titer value of 35481.33 as determined by the direct binding ELISA. The high antibody titer suggests that the cystatin used as antigen is of high molecular weight range (Lehninger, Nelson, Farr, & Cox, 2000; .
The antibodies raised against purified cystatin gave a reaction of identity with the cystatin as indicated by a single precipitin line on immunodiffusion suggesting that the wells contained both immunogenically and homogeneously pure almond cystatin ( Figure 5(A) ).
Purified fraction was subjected to western blotting after SDS-PAGE. The western blot analysis revealed an antigenic polypeptide in the lane b (63 kDa) ( Figure 5(B) ). The western blot analysis of the purified almond cystatin with sera of rabbit immunized with almond cystatin showed prominent reactivity. Purified fractions from the Sephacryl S-100HR column reacted positively in indirect ELISA.
Kinetic studies
To determine the Ki value of the cystatin it was observed that inhibition of substrate hydrolysis occurred at very low concentration of protease inhibitor and the Ki calculated was found to be 45.45 nM under the assay conditions for papain. Ki for ficin and bromelain was 83.33 nM and 90.9 nM, respectively. The Ki value was the lowest for papain; hence it has the highest affinity for the inhibitor. Lineweaver-Burk plot shows that almond cystatin is an effective non-competitive inhibitor of papain Notes: Varying concentrations of almond cystatin (0-50 μg) were incubated with 50 μg of cysteine proteases (papain, ficin, bromelain, and serine proteases trypsin and chymotrypsin) for 30 min. The inhibitory activity of cystatin towards proteases was measured using casein as substrate, as described in the methods section.
reported to be non-competitive inhibitors against papain. Ki of almond cystatin binding with papain was comparative with other phytocystatin from corn cystatin I and II (37 and 6.5 nM, respectively) (Abe et al., 1994) , tomato cystatin (4.7 nM) (Jacinto et al., 1998) , cowpea cystatin (6.1 nM) (Fernandes et al., 1991) , two soybean cystatins induced by methyl jasmonate and wounding (57 and 21 nM) , and oryzacystatin I and II (30 and 830 nM, respectively) (Kondo et al., 1990) . Ki value was also comparable with some animal cystatin, e.g. goat pancreas (Priyadarshini & Bano, 2010) , goat brain (Sumbul & Bano, 2006) . Association rate constants (k +1 ) was calculated for almond cystatin assuming that papain and the cystatin react in such a way that dissociation rate is low enough to neglect the reverse reaction during the initial part of the reaction. The k +1 values were calculated 3.74 × 10 3 ± 05 for papain. The reaction was shifted towards first-order kinetics by adding excess substrate for the determination of dissociation rate constant (k -1 ). It was found to be 1.70 × 10 −4 ± 04 for papain. k +1 and k −1 for ficin and bromelain are given in Table 2 .
Lineweaver-Burk plot shows that the purified cystatin is a non-competitive inhibitor of papain. Almond cystatin is found to be effective inhibitor of papain as indicated by their low Ki value. This finding is supported by the results reported earlier (Abe et al., 1994; Fernandes et al., 1991; Kondo et al., 1990; Sadaf et al., 2005) . The constant value of Ki with increasing substrate concentration suggests that the inhibition is non-competitive. Tight binding inhibitors have high association rate constants and low dissociation rate constant. The inhibitors with low Ki and k -1, while high k +1 suggest that enzyme-inhibitor complex is stable and complex formation is very fast. Hence, our results give comprehensive information that the cystatin is a potent inhibitors of papain.
The half-life values of almond cystatin calculated were found to be 4.07 × 10 3 s, 1.11 × 10 3 s, and 9.76 × 10 2 s for papain, ficin, and bromelain, respectively. It indicates that the papain-cystatin complex is more stable than the either of the ficin or bromelain-cystatin complexes. Similar trends have been seen for the inhibitors purified from the brain of Capra hircus and goat pancreas (Khaki et al., 2016; Priyadarshini & Bano, 2010) . 
Spectroscopic analysis
Interaction of cystatin with papain was studied using UV-vis spectroscopy. As seen in Figure 7 (A), almond cystatin gave typical protein absorption with maxima at 280 nm. On interaction with papain, spectra indicate that the environment of several aromatic amino acid residues in the protein have been perturbed. These changes are indicative of alterations in conformation of either one or both the proteins. Such changes have also been reported earlier (Amin et al., 2011) .
The fluorescence emission spectra of the complex of purified almond cystatin with papain resulted in conformational changes of the proteins (Figure 7(B) ). Fluorescence emission spectra showed maxima at 345 nm for cystatin. Complex formation leads to increase in intensity and a blue shift of 5 nm. This suggests that the interaction of the two proteins occurs in a manner leading to the quenching of absorbing groups to the polar environment due to conformational change or local interactions affecting chromophoric groups of two proteins in the complex (Friefelder, 1982) .
In Figure 7 (A) and (B), final spectra (cystatin + papain complex − papain) obtained after subtracting the spectra of papain from cystatin-papain complex shows the overall change in cystatin after complex formation.
CD spectroscopy
The possible overall structure of cystatin-papain complex was monitored by CD spectroscopy, and the results are presented in Figure 7 (C). The far-UV CD spectra of cystatin in the absence of papain showed two negative bands at 208 and 222 nm, a characteristic of the typical α-helix protein. After complex formation, loss in the secondary structure was observed. The α-helical content was calculated from the ellipticity values at 222 nm using equation given by Chen et al. (1972) The α-helical content of native cystatin was found to be 36.8%, while cystatin-papain complex has helical content 32.7%. There is a decrease of 4.1% in helicity values for cystatin-papain complex. This suggests that cystatin alone has greater secondary structural integrity (α-helix) and stability as compared to cystatin-papain complex. This finding is comparative to other previously reported animal cystatins (caprine brain cystatin and goat lung cystatin) (Khaki et al., 2016; Khan & Bano, 2009 ). In Figure 7 (C), final CD spectra of cystatin + papain complex − papain obtained after subtracting the spectra of papain from cystatin-papain complex shows the overall ellipticity change in cystatin after complex formation.
Fourier transform infrared spectroscopy
FTIR spectroscopy provides information about the secondary structure content of almond cystatin. In the IR spectra of proteins, the secondary structure is most clearly reflected by the amide I and amide II bands. The absorption associated with the Amide I band leads to stretching vibrations of the C=O (80%) bond of the amide, absorption associated with the Amide II band leads primarily to bending vibrations of the N-H (60%) bond (Krimm & Bandekar, 1986; Pelton & McLean, 2000) . Because both the C=O and the N-H bonds are involved in the hydrogen bonding that takes place between the different elements of secondary structure, the locations of both the Amide I and Amide II bands are sensitive to the secondary structure content of a protein (Byler & Susi, 1986; Surewicz & Mantsch, 1988) . The amide I band absorbs near 1,650 cm −1 (mainly C=O stretch) and the amide II band absorbs near 1,550 cm −1 (C-N stretching coupled with N-H bending modes). It has also been reported that, for a native protein, the amide I component for the alpha helical structure locates at 1,656 ± 2 cm −1 , the band components for beta sheet structure should locate between 1,622 and 1,642 cm −1 (lower wave number beta sheet bands) and between 1,690 and 1,698 cm −1 (higher wave number beta sheet bands) (Dong et al., 1997) .
Data of cystatin alone and cystatin-papain complex show significant shift in the peak intensity from 1652.22 to 1639.86 cm −1 (Figure 7(D) ) and significant changes in the structure of cystatin from that of α helix to β structure (lower wavenumber β-sheet bands), after co-incubating cystatin with papain for 30 min. This result is consistent with the result of UV, fluorescence, and CD spectroscopy.
The result was very comparative with cystatin purified from Phaseolus mungo (Urd) . In Figure 7 (D), final absorbance spectra (cystatin + papain complex − papain) obtained after subtracting the spectra of papain from cystatin-papain complex shows the overall change in the conformation of cystatin after complex formation.
Isothermal titration calorimetry
ITC experiment was employed to measure the binding thermodynamics and stoichiometry between cystatin and papain. The isothermogram for this titration is shown in Figure 8 , and the derived parameters are shown in Table 3 . The best fits for the titration was obtained using a single site of binding model with the lowest χ 2 -value. Enthalpy change (∆H) of the binding was negative, whereas entropy change (∆S) of the binding was positive which indicated the exothermic and entropically driven nature of binding. The negative value of enthalpy is directly related to weak van der Waals interactions during complex formation (Faergeman, Sigurskjold, Kragelund, Andersen, & Knudsen, 1996) . The binding stoichiometry of cystatin and papain is 0.870 ± 0.03 sites which indicate that cystatin is surrounded by nearly one papain molecule. The results of ITC were in agreement with that of kinetic parameters. 
Conclusion
Protease inhibitors are of great importance in medicine as proteolysis has significant role in almost every biological process. The potential for the natural inhibitors in agriculture is enormous, awaiting full-scale exploration. Recombinant PIs have proved to be of particular interest as promising models for studying the ecological impacts of insect-resistant transgenic plants, co-evolutionary processes in plant-insect systems, and recombinant protein-mediated pleiotropic effects in transgenic plants.
The highly specific nature of the inhibitor-protease interaction makes it a valuable tool in medicine, agriculture, and food technology. An active area of research in the development of transgenic plant is the one which express protein inhibitors with improved features. With such a vast potential and application there is an emergent need for identification of a high yielding protein-rich source. Almond was found to be a high yielding cystatin-rich source. A better knowledge of cysteine protease-mediated processes in plant system with a thorough perception of cysteine protease regulation in plant cells and the design of potent cystatin inhibitory variants, should pave the way, to metabolic pathways involving recombinant cystatins in forthcoming years. Chances for further exploration of improved tolerance in cystatin-expressing plants to different abiotic stress are likely to happen. Adding to the pool of already purified cystatins, almond cystatin shows a good association with other purified plant cystatins in terms of its physicochemical properties. Data shed some light on the mechanism of interaction of almond cystatin with papain. Considering all the data obtained for the purified almond cystatin it can be placed in the third group of plant cystatins (Wang et al., 2008) with respect to its high molecular weight (Jacinto et al., 1998; Wu & Haard, 2000) . Plants are immobile organisms and have a variety of parasite-defense systems (Habib & Fazili, 2007; Lawrence & Koundal, 2002) , and it is likely that the seed cystatins are involved in such systems. Further research into such regulatory and defensive mechanisms will facilitate the development of transgenic crops. Note: Titration of cystatin (20 μm) at pH 7.5 shows calorimetric response as successive injections of papain added to the sample cell.
